Purpose: To investigate whether modulating NRG1 could attenuate diabetic neuropathic pain and analyze the underlying mechanism. Methods: Male SD rats were randomly divided into control group, diabetic group, NRG1 intervention group. After STZ-induced 2 weeks, NRG1 intervention daily for consecutive 7 days. 4 weeks after NRG1 intervention, both the mechanical withdrawal threshold and the morphological changes of the dorsal root ganglion and sural nerve were observed. Meanwhile, the expression of NGF, IL-1β, TNF-α in spinal cord were determined. Results: Compared with the diabetic group, NRG1 treatment improved the mechanical withdrawal threshold in diabetic rats, pathological changes of dorsal root ganglion and sural nerve were alleviated by NRG1 treatment with electron microscopy imagine. Moreover, compared with the control group, the expression of NGF was significantly decreased and the production of IL-1β, TNF-α were markedly induced in diabetic group. Furthermore, NRG1 treatment could normalized the above effect as compared to diabetic group. Conclusion: NRG1 exerted positive effects on the behavioral and pathological changes of rats with STZ-induced diabetic neuropathic pain, the underlying mechanism might be related to the promotion of NGF excretion and the inhibition of inflammatory cytokines excretion.
following nerve injury, and increasing the expression of NRG1 and ErbB4 could relieve neuropathic pain induced by spinal cord injury 8 .
Other report showed that both single NRG1 injection and chronic NRG1 treatment could improve glucose tolerance 9 . Though a substantial body of evidence suggests that NRG1 plays a key role in the recovery of nerve injury, but whether modulating NRG1 function can prevent and cure DNP remains unclear.
As mentioned before, previous studies have shown beneficial effects of NRG1 such as impaired remyelination, peripheral regeneration, the survival of SCs, reduction of inflammation. So exogenous NRG1 may be useful in the treatment of the damage inevitably followed by diabetic neuropathy. To address this question, in the present study we investigated the behavioral and pathological changes in STZ-induced rats. Moreover, in order to clarify the underlying mechanism, we evaluated the impact of NRG1 on the NGF level, TNF-α and IL-1β levels in spinal cord of diabetic rats.
■ Methods
All procedures of this experiment were approved by the ethics committee of the Renmin Hospital of Wuhan University, Wuhan, China. All experimental procedures complied with the Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats (n=35), body weights 200-220g, were housed in separate cages at constant temperature (20-22°C) and humidity (50%-67%) under a 12-hour light/dark cycle in specific pathogen free animal laboratory of Renmin Hospital of Wuhan university.
STZ-induced diabetes
The methods used in this model were described previously 10 . The rats were randomly divided into two groups, the STZ-induced group (n=25) and the control group (n=10). Rats in the STZ-induced group were fed on high fat and
■ Introduction
Diabetic peripheral neuropathic pain (DNP) is a common microvascular complication of diabetes mellitus, more than 50% of diabetic patients are suffered from this painful molestation 1 , it can severely affect patients' daily lives. Spontaneous pain, allodynia (pain perception in response to normally non-painful stimuli) and hyperalgesia (exaggerated pain sensations to normally painful stimuli) are the main characters of DNP. There are several acceptable pathogenetic factors which can induce diabetic neuropathy pain, including polyalcohol pathway, non-enzymatic protein glycosylation, abnormal lipid metabolism ,the deficiency of neurotrophic factor, oxygen-free radical damage and so on. Clinically, this painful molestation is extremely difficult to prevent and treat.
Neuregulin-1(NRG1) is one of the component of Neuregulins (NRGs), which belong to the large epidermal growth factors (EGF) family of proteins. Till now, NRG1 is the most extensively characterized of the NRGs family, which has a key role in neural and cardiac development. NRG1 can not only modulate synaptic plasticity, but also stimulate the proliferation, survival and motility of a number of different cell types through binding to ErbB tyrosine kinase [2] [3] [4] . It has also shown that NRG1 is required for the development of the peripheral nervous system. As we known, Schwann cells (SCs) are critical for myelin sheath thickness and intermodal distance of nerve conduction velocity, they are also necessary for the recovery from nerve injury
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. NRG1 can regulate multiple aspects of SC differentiation including the survival of SC precursors, proliferation, motility, axon ensheathment and myelination 6, 7 , it can also promote neuronal regeneration and differentiation in the peripheral nervous system by expressing neurotrophic factors including NGF. Recent studies have confirmed NRG1 is required for remyelination and regeneration high sugar diets, while rats in the control group were fed with the routine diets. After one week of acclimatization, the STZ-induced rat model was established by injecting STZ (55mg/kg body weight, Sigma-Aldrich, St Louis, MO, USA) intraperitoneally. Seventy two hours later, the plasma glucose levels were determined by the glucose oxidase method using the one touch ultra blood glucose meter, and rats with the blood glucose more than 16.7mmol/L were considered to be successfully induced for diabetes. After the successful construction of the rat diabetic models, the rats in the STZ-induced group were divided into diabetic group (n=11) and NRG1 intervention group (n=10).
NRG1 intervention
Two weeks after the injection of STZ, twenty-one diabetic rats were randomly assigned to receive either 10 μg•kg
intravenous injection for 7 consecutive days, or vehicle (saline, n=11), while the ten control rats received no treatment. The dose of rh-NRG1 was chosen based on a previous study 11 .
Behavioral Assessment of mechanical sensitivity
Von Frey test was used to determine the mechanical sensitivity threshold for nociception. Each rat was placed in a chamber with a mesh metal floor, which permitted rat freedom of movement while allowing investigators access to their paws. Then, von Frey hairs, ranging from 0.25 to 15 grams, were applied 5 times, and was scored positive when a minimum of 3 paw flicks (the animal's reflex withdrawal response) were observed, as described previously . The control group served as the reference group.
Western bolts
Seven weeks after injection of STZ, the rats were sacrificed. They were anesthetized with 1% pentobarbital sodium (50mg/kg body weight, i.p.), then the lumbar enlargement of spinal cord and the L 4, 5 dorsal root ganglions (DRGs) were rapidly removed and quickly frozen in liquid nitrogen. Tissue samples were homogenized in a phosphate buffer with protease inhibitor cocktail, the lysate were spun at 15.000 rpm at 4°C for 15minutes and the protein concentration of supernatant was determined using a BCA protein assay kit. Proteins (50μg/sample) were separated using 8% SDS-PAGE, and transferred to nitrocellulose membranes. Membranes were then blocked in 10% skimmed milk for 1 hour at room temperature and washed in PBS-T for three times at 5minutes each. Membranes were incubated with primary antibody, rabbit anti-NRG-1(1:200), rabbit anti-NGF (1:600), rabbit anti-IL-1β (1:200), rabbit anti-TNF-α (1:200) overnight at 4°C. Appropriate HRP-conjugated secondary antibodies were applied for 1 hour. After several PBS-T washes as described above membranes were revealed using ECL plus reagent for detection by autoradiography.
Electron microscopy
The DRGs and sural nerve were removed and fixed overnight at 4°C in the 2% glutaraldehyde for 24 hours , then washed in 0.1M phosphate buffer, osmicated, dehydrated and embedded in epoxy resin. After double staining with uranyl acetate and lead nitrate, morphological changes of the DRGs and sural nerves were observed by transmission electron microscopy (HT7700, Hitachi, Japan). Images were taken by imaging systems (Moticam2306, Motic instruments Inc., Canada).
Statistical analysis
The SPSS 19.0 software was used for statistical analysis. All results were presented as the mean ±SD. Student's t-test was performed to determine the differences of the mechanical withdrawal threshold. Other datas were used ANOVA for random measures and LSD-t for multiple comparison, and P <0.05 were considered as statistically significant.
■ Results

Development of hyperglycemia in STZ-induced rats
In our study, most of the rats (84%, 21 out of 25) developed hyperglycemia following STZ injection, this hyperglycemia started on the third day after STZ injection and persisted during the entire experimental period.
NRG1 treatment improved the mechanical withdrawal threshold in diabetic rats
To investigate the effect of NRG1 on diabetic neuropathy pain, we performed experiments two weeks after STZ injection, in which NRG1 was i.v. administered to rats for 7days. As shown in Figure 1 , administration of NRG1 significantly attenuated the development of mechanical allodynia in diabetic rats. Quantitative analysis showed that NRG1 increased the mechanical pain threshold with the extension of time.
NRG1 treatment increased NGF level in spinal cord
NRG1 can modulate Schwann cell proliferation following injury, and one of the important functions of Schwann cells is to secrete NGF. Previous evidences showed that NGF played a significant role in the pathogenesis of diabetic polyneuropathy, and itself had been considered an option for the treatment of diabetic peripheral pain 12 . In our study, we confirmed the expression of NRG1 and NGF in spinal cord of rats. As shown in Figure 2 , we found that compared to control group, both in the NRG1 intervention group and the diabetic group, the expressions of NRG1 and NGF were significantly decreased (P<0.05). Although compared to the diabetic group, there was an increase of NRG1 expression in the NRG1 intervention group, it did not reach significance, while the expression of NGF increased in the NRG1 intervention group, and there was statistical significance between the two groups (P<0.05). 
NRG1 treatment reduced TNF-α and IL-1β levels in spinal cord
Previous studies have indicated that the over-expression of TNF-α and IL-1β could lead to pain hypersensitivity 13, 14 , and NRG1 played an important role in the molecular mechanisms of inflammatory regulated disorder 15 . In our study, we confirmed the expression of TNF-α and IL-1β in spinal cord by western blot analysis. As shown in Figure 3 , compared with the control group, the protein expression of TNF-α and IL-β increased in both diabetic group and NRG1 intervention group (P<0.05), while compared with the diabetic group, the protein expression of TNF-α and IL-β in NRG1 intervention group decreased, and there were significant differences between the two groups (P<0.05). A. Control group: the nucleus (▲) was complete, the nuclear membrane was generally smooth (arrow), there was no significant swelling of mitochondrial( ). B. Diabetic group: The nuclear membrane was shrink (arrows), the nucleolus was not clear, there were large vacuolar degeneration in cytoplasm, there was significant swelling of rough endoplasmic reticulum ( ). C. NRG1 intervention group: The nuclear membrane was basically integral (arrows), slight vesiculation was observed in the nucleus and cytoplasm ( ).
Effects of NRG1 on the histological features of DRGs and sural nerve in diabetic rats
■ Discussion
By utilizing a combination of behavioral test and electron microscopy, the present study demonstrated that exogenous NRG1 could alleviate STZ-induced DNP in rats, it could reduce the necrosis of the DRG and relieve the demyelination of sural nerve. This study provides direct evidence for a crucial role of NRG1 in function and morphology of diabetic neuropathy, and the protective effects may be attributed to a result of increasing excretion of NGF and inhibiting release of inflammatory factors.
Exogenous NRG1 can inhibit diabetic neuropathic pain
In our study, we found that when given exogenous NRG1, the pain threshold of rats in the NRG1 intervention group was raised. As we known, the pathologic mechanisms of DNP are associated with microcirculatory disturbance and metabolism disorders. The microcirculatory disturbance reduces peripheral nerve perfusion and causes endoneurial hypoxia, the hyperglycemia-induced polyol pathway as well as enhanced oxidative stress are possibly exerted by direct nerve tissue damage or mediated by endothelial injury or vascular dysfunction. Both of them finally lead to demyelination of nerve fiber, degeneration of axon and change of neurotransmitters, and all of these changes can lead to diabetic neuropathy. In, present study, apparently demyelination of sural nerve and cell degeneration of the DRGs were emerged in the diabetic group, these were consistent with a model of neuropathic pain.
NRG1 is a family of growth and differentiation factors involved in various functions of both peripheral and central nervous system including the regenerative processes that underlie regeneration of damaged peripheral nerves 16 . It is now known to be a key axon-derived factor in determining axon ensheathment and peripheral myelin thickness 8 , Fricker et al. 17 observed that axons lacking NRG1 had significantly thinner myelin sheaths and 38.5±3.3% had completely failed to elaborate a myelin sheath despite being ensheathed by SCs at 2 months following sciatic nerve crush. Control group: intact myelinated axon, the myelin sheath was well-distributed (arrows), mitochondria with normal morphology could be seen in the axon ( ). B. Diabetic group: serious demyelination, the myelin sheath was arranged in disorder, broken and swollen were observed (arrows). C. NRG1 intervention group: moderate segmental demylination, the myelin sheath was arranged disorder in local areas, and a small amount of vacuolization could be seen (arrows).
There also a number of studies suggested that NRG1 expression levels were dramatically reduced after injury, both spontaneous painlike behaviors and mechanical hypersensitivity could be reversed by application of exogenous NRG 18, [18] [19] [20] . Our results were consistent with these previous studies, compared with the control group the level of NRG1 in the enlargement of spinal cord was apparently decreased in diabetic rats, the necrosis of DRGs were reduced and the demyelination of sural nerve was apparently improved in the NRG1 intervention group, although there was no significant difference of the expression of NRG1 between diabetic group and NRG1 intervention group. These evidences from the other side showed that NRG1 alleviated DNP might not by direct influence but through other signal pathways, which would be mentioned below.
The preventive efficacy of exogenous NRG1 in DNP might be related to NGF secretion The success of peripheral nerve regeneration is critically depended on the local environment of the distal nerve stump after injury. Nerve growth factor (NGF), normally synthesized in neuronal target tissues and retrogradely transported to the neuronal cell body to exert its trophic functions, is essential for the survival and maintenance of sympathetic and sensory nerves 21, 22 . It can stimulate the growth of axon, maintain the diameter of axon, prevent the death of adult neurons after injury, regulate the plasticity of synaptic and the transmission of neurotransmitter. Recent reports have suggested that reduced levels of NGF plays a significant role in the pathogenesis of diabetic neuropathy. Retrograde axonal transport of NGF is impaired in animals with DM, and its transcription in neuronal target tissues is reduced. Pathological conditions that alter NGF expression may result in neuronal dysfunction and death
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. A previous study showed that the concentration of NGF in the sciatic nerves of STZ-induced diabetic rats decreased 3 weeks after STZ injection 23 . In our study, the level of NGF in the spinal cord were markedly reduced in diabetic group, these were consistent with the previous studies, it indicated a loss of neural integrity and an increased rate of nerve cell apoptosis. And this indication was confirmed by electron microscopy of the DRGs. As mentioned before, there has a close relationship between NRG1 and SCs. NRG1 secreted by peripheral axons has previously been identified as an essential factor for SCs proliferation and migration
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. SCs play a critical role in promoting neuronal regeneration and differentiation in the peripheral nervous system by expressing neurotrophic factors, including NGF. One of the important functions of SCs is to secrete NGF and high concentrations of glucose can lead to the reduction of NGF production in SCs
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. The present study confirmed the previous results. After given exogenous NRG1, the NGF level apparently increased. So we concluded that NRG1 might ameliorated DNP through the secretion of NGF, and this conclusion depends on further experiments to confirm.
NRG1 can inhibit the release of inflammatory factors
A substantial body of evidence suggests that oxidative stress plays a major role among the mechanisms of diabetic neuropathy. The expression of pro-inflammatory cytokines, such as IL-1β and TNF-α in the dorsal horn of the spinal cord is thought to contribute to the pathogenesis of diabetic neuropathy 26, 27 . Long term hyperglycemia can damage the vascular barrier of the nerves. Myelin protein glycosylation alters its antigenicity, promotes the phagocytic function of mononuclear macrophages from blood circulation and tissue as well as glial cells from nervous system. Then the activated immune cells secrete cytokines such as IL-1β and TNF-α
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. They target voltagegated ion channels in cell membrane such as K + , Ca 2+ channels, rapidly increase the neuronal excitability, and lead to a sustained increase in ion channels' conductivity, all of these results in the occurrence of pain. Previous preclinical studies have demonstrated an association between elevated IL-1β, TNF-α and altered pain behavior. We also found that both IL-1β and TNF-α were lower in the NRG1intervention group than the diabetic group. Recent evidence suggested that NRG1might play a role in regulation of inflammation and immune system response. Ketan Marballi's study firstly reported statistical association between a mutation in NRG1 and immune system dysregulation, which contributed to the understanding of the role of NRG1 in the pathogenesis of schizophrenia and other disorders in which inflammation played an important role 29 . So we hypothesized that NRG1 could inhibit the release of inflammatory cytokines in diabetic rats.
■ Conclusions
Neuregulin-1 could alleviate diabetic neuropathic pain via its regulation of NGF and anti-inflammatory. 
